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Uniform colloidal Bi2S3 nanodots and nanorods with different sizes have been prepared in a controllable 
manner via a hot injection method. X-ray diffraction (XRD) results show that the resulting nanocrystals have an 
orthorhombic structure. Both the diameter and length of the nanorods increase with increasing concentration of 
the precursors. All of the prepared Bi2S3 nanostructures show high efficiency in the photodegradation of 
rhodamine B, especially in the case of small sized nanodots—which is possibly due to their high surface area. 
The dynamics of the photocatalysis is also discussed. 
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Finding new ways of treating environmental pollution 
is great challenge and a major area of scientific study. 
As a result, many methods for the degradation of water 
contaminants have been developed. Photocatalytic 
degradation that uses visible or ultraviolet (UV) light 
as irradiating source is considered as a key method of 
water decontamination as it can bring fast and 
complete mineralization of pollutants without leaving 
any harmful residues and has recently become a vital 
technology [1–3]. Up to now, most photocatalysts have 
been based on metal oxides such as TiO2 and ZnO. 
As a representative catalyst in the family, TiO2 has 
shown excellent photocatalytic activity, especially 
when doped with C, N, B, or grown with a high 
percentage of specific crystal facets or heterojunction 
structures [4–9]. Besides metal oxides, some non-oxide 
compounds such as metal sulfides also show high 
efficiency in photodegradation. Theoretically, when 
any semiconductor with the appropriate band structure 
absorbs energy higher than its band gap under light 
irradiation, the resulting photo-generated electrons 
and holes will be separated by transfer to the particle 
surface or to another material and the system can 
serve as a catalyst for photocatalytic degradation. 
Compared to metal oxides such as TiO2 and ZnO, 
metal sulfide photocatalysts may be more easy and 
convenient to fabricate via low cost using solution 
methods without the need to sacrifice crystallinity, 
monodispersity, and purity, since there is a greater 
choice of possible precursors for the preparation of 
metal sulfides. Furthermore, in the preparation of 
metal sulfides, the size and shape of the product can 
be conveniently tuned by varying the concentration of 
the precursor and/or the molar ratio of metal to sulfur 
precursors. In the last five years, the use of nanoscale 
metal sulfides as photocatalysts has attracted great 
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interest and several breakthroughs have been achieved. 
CuS, PbS, and CdS nanowires have been reported to 
have high efficiency in the degradation of rhodamine 
B and methyl orange under UV irradiation [10]. ZnS 
porous microspheres co-doped with N and C showed 
excellent photocatalytic activity in the degradation of 
Acid Orange 7 under visible light irradiation [11]. 
Sulfide–oxide composites such as Fe3O4/CdS nano- 
composites also exhibit both excellent magnetic 
properties and high photocatalytic activity, even after 
12 recycles, in the photodegradation of methyl orange 
in aqueous solution [12]. These limited reports 
indicate that, like oxides, nanoscale metal sulfide 
semiconductors also have photocatalytic activity and  
may be applied in environmental remediation. 
Bismuth sulfide (Bi2S3) is a typical lamellar 
structured semiconductor with a bulk direct bandgap 
of 1.3 eV [13]. Nanostructures of this material have 
attracted much attention due to their potential 
applications such as in electrochemical hydrogen 
storage, hydrogen sensors, X-ray computed tomo- 
graphy imaging, biomolecule detection, and as 
photoresponsive materials [14–19]. However, the 
photocatalytic properties of Bi2S3 have been scarcely 
reported. In the only paper to date, SiO2/Bi2S3 nano- 
composites showed photocatalytic activity in the 
degradation of methylene blue, but SiO2 alone in  
the absence of Bi2S3 also had degradation activity  
[20]. So, the photocatalytic activity of pure Bi2S3 is 
worth studying further from the viewpoints of   
both fundamental research and applications in 
environmental treatment. In recent years, Bi2S3 
nanostructures with various morphologies—including 
nanotubes, nanorods or nanowires, nanoribbons, and 
nanocomposites—have been prepared via different 
methods [21–24]. Single crystal orthorhombic Bi2S3 
nanostructures with various morphologies, including 
wires, rods, and flowers have been controllably 
prepared in a polyol solution process [25]. Hierar- 
chical Bi2S3 core–shell structured microspheres have 
been fabricated by chemical transformation of BiOCl 
microspheres which also serve as a template [26]. It is 
well known that monodisperse nanoparticles with 
narrow size and shape distribution can be fabricated 
via the hot injection technique in high-boiling-point 
organic solvents [27, 28]. Bi2S3 nanostructures obtained 
by the organic solvent route have been reported by  
Ozin et al. [29, 30] and Li et al. [31]. 
Herein orthorhombic structured Bi2S3 nanodots 
and nanorods are controllably prepared via the hot 
injection technique by varying the experimental 
parameters including precursor concentrations and 
the molar ratio of Bi to S. Photocatalytic activities in 
the degradation of three typical dyes (methyl orange, 
methylene blue, and rhodamine B) are also studied and 
all of the prepared nanocrystals are found to have high 
photodegradation efficiency. The new photocatalysts 




Oleylamine (OAm, 90%) was obtained from Acros. 
Bismuth(Ⅲ) chloride (BiCl3, AR), thioacetamide (AR), 
methylene blue (MB, AR), rhodamine B (RhB, AR), 
methyl orange (MO, AR), and anhydrous ethanol (AR) 
were purchased from Sinoreagent. All chemicals were 
used as received without further purification. Double  
distilled water was used throughout the experiments. 
2.2 Synthesis of Bi2S3 nanostructures 
Bi2S3 nanostructures were synthesized by a reaction 
between bismuth chloride and thioacetamide using 
standard oxygen-free and hot injection techniques 
[27, 28]. Typically, 31.5 mg (0.1 mmol) of BiCl3 powder 
was added to a flask containing 2.0 mL of OAm 
followed by degassing at 70 °C for 5 min under vacuum 
to remove the moisture and oxygen. The reaction vessel 
was then filled with nitrogen and the temperature was 
increased to 150 °C with a heating rate of 10 °C/min 
and the vessel maintained at this temperature until 
the complete dissolution of BiCl3 powder to give a 
white milky solution. Then 2.0 mL of OAm containing 
11.3 mg (0.15 mmol) of thioacetamide was injected 
into the reaction system. After the addition of 
thioacetamide, the temperature of the reaction  
system was further increased to 180 °C and the vessel 
maintained at this temperature for 5–10 min. On 
introduction of thioacetamide, the color of the reaction 
mixture immediately changed from white to brown, 
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indicating the formation of Bi2S3. The growth of Bi2S3 
nanostructures was terminated by removing the 
heating apparatus. The reaction mixture was cooled 
to room temperature and the resulting nanostructures 
were precipitated by anhydrous ethanol and washed 
several times and then dried in a vacuum oven at 60 °C  
for several hours to obtain the dry powder. 
2.3 Characterization of structure and optical 
properties 
The purity and structure of the products were confirmed 
by powder X-ray diffraction (XRD) obtained on a D8 
Advance (Bruker) X-ray diffractometer equipped 
with graphite monochromatized high-intensity Cu Kα 
radiation (λ = 1.5406 Å) at 40 kV and 40 mA. XRD 
samples were prepared by depositing dry powder on 
a piece of glass. Transmission electron microscopy 
(TEM) measurements were performed on a JEOL-1400 
transmission electron microscope with an acceleration 
voltage of 100 kV and high-resolution TEM (HRTEM) 
was performed on a JEOL-2010 high-resolution electron 
microscope with an acceleration voltage of 200 kV. 
The samples were prepared by dropping about 20 μL 
of a diluted solution of nanostructures in toluene 
onto carbon-coated copper grids and slowly drying 
in air. UV–visible absorption spectra were recorded 
on a Shimadzu UV-2450 spectrophotometer with a 
resolution of 1.0 nm. The Brunauer–Emmett–Teller 
(BET) surface areas of Bi2S3 powder were calculated 
from N2 adsorption isotherms obtained using an ASAP  
2010 instrument (Micromeritics, USA) at 77 K. 
2.4 Photocatalytic tests 
A 500-W mercury vapor lamp was used as the UV 
irradiation source. In a typical photocatalytic test, 10 mg 
of a nanostructured Bi2S3 powder was loaded in a 
quartz cell containing 40 mL of 20 mg/L dye (MO, MB, 
or RhB) solution. Prior to the start of the irradiation, 
dark adsorption was carried out for 1 h under 
continuous stirring to establish equilibrium between 
the dye and the catalyst. At a given time interval after 
commencement of irradiation, the dye concentration 
was monitored by measuring the maximum UV 
absorbance at 462, 663, and 553 nm for MO, MB, and 
RhB, respectively. The degradation efficiency (E%)  
was evaluated by the following formula, 
= − ×o(%) (1 / ) 100%E C C  
where oC  and C represent the absorbance of dye  
solution before and after irradiation, respectively. 
3. Results and discussion 
3.1 Structure and morphology 
In our experiments, OAm was used as the ligand  
and also the solvent. The white homogeneous BiOCl 
obtained by transformation of BiCl3 (a similar reaction 
was observed in Ref. [30]) reacted with the injected 
sulfur source at an intermediate temperature to form 
Bi2S3 rather than elemental bismuth due to the strong 
affinity between bismuth and sulfur. The lamellar 
structure of Bi2S3 results in anisotropic growth along 
the c-axis which favors the final formation of one- 
dimensional morphologies [32]. Figure 1 shows a 
typical XRD pattern of the resulting Bi2S3 nanocrystals. 
All the diffraction peaks can be indexed as the 
orthorhombic structured Bi2S3 with lattice constants 
of a = 11.14 Å, b = 11.30 Å, and c = 3.98 Å (JCPDS No. 
17–0320) and the major peaks can be ascribed to 020, 
120, 220, and 130 facets etc. The purity is confirmed 
by the absence of other peaks. Figures 2(a)–2(d) show 
typical TEM images of Bi2S3 nanocrystals prepared 
with different concentrations of precursor with a fixed 
Bi/S ratio of 1:1.5. All of the samples have a rod-like 
morphology. When the BiCl3 precursor concentration 
was 0.025 mol/L, the nanorods (Fig. 2(a)) are uniform 
in size and shape with diameter of 7 nm ± 2 nm and 
lengths of 30–45 nm. On increasing the bismuth 
precursor concentration to 0.05 mol/L (Fig. 2(b)) and 
0.1 mol/L (Fig. 2(c)), the diameters of the nanorods 
increased to 9 and 11 nm, respectively, and their lengths 
increased to 33–51 and 45–68 nm, respectively. When 
the concentration was further increased to 0.2 mol/L, 
the diameter of the resulting nanorods increased 
dramatically to 20 nm ± 4 nm and the length increased 
to 60–100 nm (Fig. 2(d)). It can be seen that the aspect 
ratio of the nanorods is almost independent of the 
precursor concentration. In contrast, in a previous 
preparation of Bi2S3 nanorods via the decomposition 
of bismuth di-n-octyl-dithiophosphates, when the  




Figure 1 Typical XRD pattern of Bi2S3 nanostructures prepared 
with a Bi concentration of 0.025 mol/L and a Bi/S ratio of 1:1.5 
precursor concentration was increased the diameter 
of the nanorods obtained did not change significantly, 
while the length decreased [33]. In the synthesis of 
nanomaterials via wet chemical routes, high precursor 
concentrations often accelarate nucleation or growth 
processes. In the synthesis of Bi2S3 nanorods in our 
system, the larger precursor concentrations may 
effectively speed up the growth rather than the 
nucleation, resulting in the larger diameters and 
lengths of the final nanorods. Figures 2(e) and 2(f) 
show HRTEM images of the nanorods with diameters 
of about 17 nm and 7 nm, respectively. In Fig. 2(e), the 
particle has continuous one-dimensional lattice fringes 
with a spacing of ~0.357 nm, corresponding to the 
(130) facet exhibiting the strongest peak in the XRD 
pattern. Although the fringes of the (001) facet are not 
observed in the image, it can still be supposed that 
the nanorods grow along the [001] direction, which is 
perpendicular to the (130) facet, as has been observed 
in previous reports [32]. In Fig. 2(f), the small nanorods 
have discontinuous and faint lattice fringes indicative 
of poor crystallinity, possibly due to either insufficient  
growth or electron beam irradiation [34]. 
The size of the Bi2S3 particles can be tuned by 
varying both the concentration of the precursor and 
the molar ratio of Bi to S. Figure 3 shows typical TEM 
images of Bi2S3 nanostructures prepared with different 
molar ratios of Bi to S for a fixed Bi precursor con- 
centration of 0.025 mol/L. When the stoichiometric ratio 
(Bi:S = 1:1.5) was employed (Fig. 3(c)), the nanorods  
 
Figure 2 TEM image of Bi2S3 nanocrystals prepared with a Bi/S 
ratio of 1:1.5 and Bi precursor concentrations of (a) 0.025 mol/L, 
(b) 0.05 mol/L, (c) 0.1 mol/L, and (d) 0.2 mol/L. HRTEM images 
of typical Bi2S3 nanorods with diameters of (e) ~17 nm (from the 
sample in (d)) and (f) ~7 nm (from the sample in (a)) 
have diameter of 7 nm ± 2 nm and lengths of 30–45 nm 
(the same sample as shown in Fig. 2(a)). In the case of a 
deficiency of S (a molar ratio of Bi to S of 1:1, Fig. 3(b)), 
the nanorods have diameter of 8.5 nm ± 1 nm 




Figure 3 TEM images of Bi2S3 nanocrystals prepared with a Bi 
precursor concentration of 0.025 mol/L with Bi/S molar ratios of 
(a) 1:0.5, (b) 1:1, (c) 1:1.5, and (d) 1:1.7 
with lengths of 9–20 nm. With a further decrease of   
S giving a Bi/S ratio of 1:0.5, the resulting Bi2S3 
nanostructures have an elonged dot-like shape with 
diameter of 8 nm ± 0.5 nm and length of 12 nm ± 0.5 nm 
(Fig. 3(a)). When S is in excess (a Bi/S ratio of 1:1.7), a 
mixture of two types of nanorods with diameters of 
4.5 nm or 17 nm, but with similar lengths of 104 nm ± 
5 nm were obtained (Fig. 3(d)). From these results, it 
can be concluded that an excess of Bi leads to a 
reduction in the length of the nanorods and nearly no 
change in diameter, resulting in a small aspect ratio. 
When the amount of S is increased, the lengths of the 
resulting nanostructures are dramatically increased 
and the diameters become non-uniform for materials 
prepared under S-rich conditions. Thus, the size and 
shape of the Bi2S3 nanostructures can be conveniently 
controlled simply by tuning the concentrations and  
molar ratio in the precursor mixture. 
3.2 Optical properties and photocatalytic activity 
Figure 4 shows a typical UV–visible absorption 
spectrum of the Bi2S3 nanorods prepared with a Bi 
precursor concentration of 0.025 mol/L, Bi:S = 2:3. There 
are no absorption peaks in the spectrum, but a sharp 
absorption begins at about 400 nm. Figure 5 shows 
the efficiency of Bi2S3 nanorods (prepared with a Bi 
source concentration of 0.025 mol/L, Bi:S = 2:3) in the 
photodegradation of MB, MO, and RhB. In the case of 
RhB, the dye was decolorized completely after about 
2 h (a degradation efficiency of ~100%). For MB only 
~40% degradation efficiency could be obtained in  
the same period, and less than 70% of the dye was 
degraded even after 4 h in the case of MO. That is to 
say, Bi2S3 nanorods show higher photocatalytic activity 
for degradation of RhB than for MO or MB. So, we 
chose RhB for a detailed study of the dependence of 
the photocatalytic activity of Bi2S3 on its particle size. 
Figure 6(a) shows the degradation efficiency of Bi2S3 
nanodots (the sample in Fig. 3(a)) and nanorods having 
different diameters but similar aspect ratio prepared 
with various Bi concentrations. In the case of the 
nanodots and thin nanorods (7 nm in diameter), the 
dye was nearly completely degraded after irradiation 
for 90 min, while in the case of larger nanorods 
corresponding to diameters of 9–20 nm, longer 
irradiation time (~200 min) is required to completely 
degrade the dye. From these results, it can be con- 
cluded that the degradation efficiency increases with 
decreasing diameter of the Bi2S3 nanodots and 
nanorods. This is possibly because the nanodots and 
small sized nanorods have larger surface areas than 
the larger nanorods. The BET specific surface areas of 
the samples in Fig. 6 arranged in order of decreasing 
degradation efficiency are 9.9, 8.1, 7.5, 6.7, and 5.2 m2/g,  
respectively, which gives support to our conclusion. 
 
Figure 4 UV–visible absorption spectrum of Bi2S3 nanocrystals 
prepared with a Bi precursor concentration of 0.025 mol/L, Bi:S = 2:3 




Figure 5 Photodegradation efficiency of Bi2S3 nanorods (prepared 
with a Bi source concentration of 0.025 mol/L, Bi:S = 2:3) with 
MO, MB, and RhB 
 
Figure 6 (a) Efficiency of Bi2S3 nanodots and nanorods with 
different diameters on the photodegradation of RhB and (b) the 




vs. t (irradiation time) 
To further investigate the mechanism, we studied 
the photocatalytic reaction dynamics. It has been well 
established that heterogeneous photocatalysis by 
semiconductors follows the Langmuir–Hinshelwood  
(LH) dynamic model [35], 
= × +
o
1 1 1 1
R kK C k
 
where R is the reaction rate, k is the reaction rate 
constant, K is the adsorption equilibrium constant, 
and oC  is the initial dye concentration. When oC  is 
small, the reaction follows first order kinetics with a  
rate equation in the form 
′− = =
o
ln C kKt k t
C
 
where C is the dye concentration at time t, and k′ is 
the apparent first order rate constant. Figure 6(b) 




 vs. t for Bi2S3 nanostructures 
with different particle sizes. In the plots for the 
nanodots with small diameter and aspect ratio, a 
good linearity was observed, indicative of first order 
kinetics. For each of the nanorod samples, the non- 
linear nature of the plots is inconsistent with first 
order kinetics. The deviation from linearity of the 
plots for the nanorods may result from their broad 
size distribution and anisotropic morphology. The 
slopes of the plots also show that the nanodots have 
higher photocatalytic activity than all of the nanorods. 
The influence of size and morphology of Bi2S3 nano- 
structures on the photodegradation kinetics should  
be further studied. 
4. Conclusions 
Orthorhombic Bi2S3 nanostructures have been prepared 
by the reaction between bismuth chloride and 
thioacetamide in oleylamine and the size and 
morphology of the resulting nanostructures can 
easily be tuned by varying the precursor concentrations 
and molar ratio of Bi to S. An excess of Bi favors the 
formation of nanostructures with small aspect ratio 
and narrow size distribution, while an excess of S favors 
the formation of nanorods. When a stoichiometric 
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mixture of precursors was employed, both the 
diameter and length of the nanorods increased with 
increasing concentration of bismuth precursor. All of 
the nanodots and nanorods have good photocatalytic 
activity for degradation of MO, MB, and RhB. The 
small nanodots have the highest degradation efficiency 
due to them having the largest surface area. Photo- 
catalysis by nanodots may follow first order kinetics 
according to the LH model. Many aspects need to   
be further investigated, but the high photocatalytic 
activities suggest that the reported nanoscale Bi2S3 
nanostructures have potential applications in the  
photocatalytic degradation of organic pollutants. 
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